Recent experimental work has demonstrated the existence of band bending at the Si-SiO 2 interface after ion implantation. The present work employs FLOOPS-based numerical simulations to investigate the effects this bending can have upon dopant profiles that evolve during transient enhanced diffusion in post-implant annealing. In the case of boron, band bending induces significant junction deepening because the near-interface electric field repels charged interstitials from the interface. Band bending also provides a mechanism to explain the pile-up of electrically active boron within ϳ1 nm of the interface. The results suggest that conflicting literature regarding the capacity of the interface to absorb interstitials can be rationalized by a modest inherent absorbing capability coupled with band bending.
I. INTRODUCTION
Transient enhanced diffusion ͑TED͒ of ion-implanted dopants in silicon has attracted a great deal of study over the last three decades [1] [2] [3] [4] because TED plays a significant role in limiting the shallowness of pn transistor junctions in advanced microelectronic devices. 5 Interstitial atoms generated by implantation serve as the primary mediators of TED. Trapping or absorption of these interstitials by larger defects such as dislocation loops, interstitial clusters, and nearby surfaces or interfaces therefore affects the magnitude of TED and the shape of the resulting dopant profile. As junction depths become progressively shallower because of device scaling, the importance of surfaces and interfaces in controlling such phenomena becomes correspondingly greater.
The ability of these structures to absorb interstitials is incompletely understood, however. There is general agreement that atomically clean surfaces absorb interstitials very efficiently, so practical ion implantation technology employs a ''screen oxide'' overlayer of SiO 2 to mitigate loss of dopant from the bulk. However, the literature has reported both significant [6] [7] [8] and negligible 9, 10 absorption rates for mobile interstitial atoms at Si-SiO 2 interfaces. Law, Haddara, and Jones have attempted to reconcile these results with a kinetic model based on di-interstitial recombination, 11 but the model does not explain dose loss data or boron pile-up near the interface. Clarifying this issue is becoming increasingly important so that process simulators 3, 12 can incorporate suitable boundary conditions for designing post-implant annealing processes. Up to now, simulators have proven inadequate for even qualitative predictions of phenomena such as dopant pile-up at the interface. 13 The present work focuses on an overlooked facet of interstitial absorption at interfaces: their ability to support electrically active defects. It is well known that atomically clean Si surfaces support electrically charged defects that induce near-surface band bending on the order of 0.5 eV.
14 Recent experimental work in this laboratory 15 has demonstrated band bending of comparable magnitude at the Si-SiO 2 interface after ion bombardment at energies of a few hundred electron volt. The experiments showed that band bending persists for all annealing times and temperatures of interest in conventional implantation technology.
TED tends to be most pronounced for doping with boron, and in this case the band bending sets up a near-interface electric field pointing into the bulk. Interstitial atoms of B and Si are positively charged under these conditions, 16 -19 so the field tends to repel the interstitials from the interface. In fact, rough calculations suggest 15 that the field is sufficiently strong to virtually stop the motion of positively charged B and Si interstitials toward the interface. ͑An analogous effect would be observed for negatively charged defects diffusing in n-type material.͒ The opposing field can transform the interface from a significant sink into a good reflector, which has the net effect of deepening the underlying junction.
This laboratory has recently developed a model for dopant diffusion and activation based on rigorous systems-based analysis. [20] [21] [22] [23] [24] The present work employs profile simulations using that model together with the experimentally determined interface Fermi level position 15 to quantify junction deepening and to investigate related effects. The results reveal that interface band bending can deepen the junction. Band bending also provides a mechanism to explain the pile-up of electrically active boron within ϳ1 nm of the interface. The results suggest that conflicting literature regarding the capacity of the interface to absorb interstitials can be rationalized by a modest inherent absorbing capability coupled with band bending.
simulator solves the coupled mass balance equations for B and Si interstitials, immobile substitutional B, and clusters. These equations have the general form for species j
where N j denotes concentration and G a net generation rate. The flux J comprises of Fickian and electromigration terms
E͑x ͒ϭϪ ‫ץ‬⌿ ‫ץ‬x , ͑3͒
with z denoting the charge on the species j. The parameter represents the mobility, which can be approximated by Einstein's relation ϭqD/kT, where q denotes electron charge, k Boltzmann's constant, and T temperature. Interstitial clusters are assumed to be immobile. Solution of Poisson's equation gives the electrostatic potential ⌿ and determines electric field E. The local charge neutrality assumption employed in some earlier works 26 fails in space charge regions. FLOOPS was implemented with the kinetic rate expressions and parameters reported in Ref. 24 . Simulation results were compared to experimental data reported previously 24 for Si wafers implanted with B at 0.60 keV with a fluence of 2 ϫ10 15 ions/cm 2 at 0°tilt. The heating program was a conventional ''spike anneal'' described in Ref. 24 , with heating rates varying from 75 to 350°C/s.
B. Charge statistics
To solve Eqs. ͑1͒-͑3͒ for the mobile species requires knowledge of the charge states available to these species as well as their ''ionization levels''-values of the Fermi energy for which the majority charge state changes. Neither the stable charges states nor the ionization levels are definitively known for the key species B i and Si i .
The most likely charge states for interstitial boron in p-type Si are B i ϩ and B i Ϫ ; experimental work 27 coupled with discrete Fourier transform ͑DFT͒ investigations 19, 28 suggests that neutral B i ‫ؠ‬ at room temperature exhibits ''negative-U'' behavior that destabilizes this species compared to the charged forms. The room temperature behavior does not preclude the dominance of B i ‫ؠ‬ at higher temperatures, however; the details of negative-U behavior could in principle alter as temperature rises and the band gap shrinks. Indeed, Sharp et al. 29 and Uematsu 30 have satisfactorily fitted diffusion data for boron using the neutral state. We have found by dopant profile simulations detailed elsewhere 31 that the negative-U behavior probably persists, but this conclusion was not strong enough to preclude B i ‫ؠ‬ entirely. Thus, in the present work both ϩ/Ϫ and ϩ/0 transitions were considered.
The most likely charge states for Si interstitials in p-type Si are less well established from the literature. The primary candidates are Si i ϩϩ , Si i ‫ؠ‬ , and Si i Ϫ ; Si i ϩ is destabilized by negative-U behavior. 28 We have deduced with considerable confidence from profile simulations 31 that only the ϩϩ/0 transition needs to be considered. 33 suggest an effective ionization level E Bi * for the ͑ϩ/Ϫ͒ transition at E c Ϫ0.29 eV. However, the ͑ϩ/0͒ and ͑0/Ϫ͒ levels almost certainly shift with respect to each other as the temperature increases, 33 since the ionization entropies for donor and acceptor levels differ. Ionization levels for donors tend to track the valence band as the band gap shrinks, while the levels for acceptors track the conduction band. Moreover, Hakala, Puska, and Niemenen 19 reported ionization levels from DFT results that confirmed the negative-U property, but gave ionization levels at 0 K in with poor agreement with Harris et al. 27 For Si, no experimental work exists concerning ionization levels. Computational results from Lee, Lee, and Chang 16 and for the ͑ϩϩ/ϩ͒ and ͑ϩ/0͒ transitions based on DFT suggest that the ionization levels differ considerably for the three different site configurations available to Si i . During high-temperature diffusion, more than one configuration is probably sampled with high frequency. The appropriate effective ionization level E Si i * to use for the ͑ϩϩ/0͒ transition therefore becomes unclear. Given this uncertain state of affairs, we have treated the effective ionization levels E Bi * and E Si i * as adjustable parameters to fit the experimental profiles. The optimized values for E Bi * and E Si i * are 0.33Ϯ0.05 and 0.12Ϯ0.05 eV above the valence band maximum E v , respectively. For ease of implementation and following the spirit of the phenomenology used here, these values were assumed to be independent of temperature. For computational tractability, the mass balance equations of Eq. ͑1͒ were set up to track the total concentration of each type of defect ͑including all charge states͒ rather than each charge state. Such an approach requires the assumption that defects reach their thermodynamically appropriate charge states on a time scale that is fast compared with defect motion and reaction. This assumption has long been employed in the modeling of defects in Si, for example in diffusion by the Bourgoin mechanism 34 wherein charge state changes even during the course of an individual diffusive hop. To give a specific example of how the mass balance equations were formulated, we take the case of interstitial boron, assumed to exist as B i ϩ and B i Ϫ species. The transient mass balance for total B i becomes
Assuming that intrinsic diffusivities of B i ϩ and B i Ϫ are equal, Eq. ͑4͒ can be combined with Eqs. ͑1͒-͑3͒ to become
where ␣ϭkT/q and the parameter ␥ obeys
and
The contains an extra unpaired spin compared to B i ϩ .
C. Surface boundary condition for the mass balance equations
A central motivation for the present work is the hypothesis that existing data can be better explained by a combination of modest interstitial absorbing properties at the interface coupled in some cases with band bending. This hypothesis requires a functional form for the surface boundary condition of the mass balance equations that permits behavior somewhere along the continuum between a perfect sink and a perfect reflector.
A perfect-sink boundary condition has the form C j,xϭ0 ϭ0, while a perfect-reflector condition has the form ϪD j dC j /dx͉ xϭ0 ϭ0. An intermediate condition can be formulated in terms of a fraction f that scales C j,xϭ0 at the surface with respect to the nearby bulk concentration C j,xϭ⌬x evaluated at a small distance ⌬x into the bulk. With 0р f р1, the surface flux can then be written as
A perfect sink boundary condition corresponds to f ϭ0, while a perfect-reflector boundary condition corresponds to f ϭ1. To give this equation a clearer physical meaning, we can define a parameter Sϭ1Ϫ f , which can be considered to be an annihilation probability. Equation ͑7͒ can then be rewritten as
where k r ϭSD j /⌬x represents a surface recombination velocity, or equivalently, a surface reaction rate constant. A variant of this condition has been employed by Vuong et al., 36 who allowed the interstitial annihilation rate to vary with the number of interstitials trapped at the interface. These workers used the equivalent of a simple Langmuir-like model with SϭS 0 (1Ϫ) n , where represents the fractional number of trapping sites filled with interstitials, and n is typically a small integer ͑0, 1, or 2͒. Nonzero values of n require a separate mass balance equation for the trapping sites in terms of . Reference 36 assumes a value of nϭ1, but gives no value for other parameters that enter into k r . Such values are nearly impossible to predict a priori. In the absence of more knowledge regarding interstitial interactions with interfaces, we have chosen to keep the number of parameters and associated mass balances to a minimum. Thus, we chose nϭ0, making S constant.
There is little guidance from the literature regarding what value S should take. During annealing, an interface of Si/SiO 2 typically overlies the diffusing profile. There is conflicting evidence concerning the ability of this interface to absorb interstitials. 2 On one hand, experiments have detected a reduction in size and concentration of ͕311͖ defects with increasing proximity to the interface, 8 suggesting that the interface absorbs Si interstitials fairly efficiently. Some doping profile measurements confirm this suggestion, 6 while other experiments point to a similar conclusion for boron. 6, 37 On the other hand, Napolitani et al. 10 have cited low levels of boron dose loss compared to phosphorous in order to claim that the interface acts as a poor sink for B i . Moreover, boron segregates above the solid solubility limit on the Si side of the interface, 9, 38 indicating that the interface does not absorb B interstitials very well. This body of work also implies that the interface acts as a poor sink for Si interstitials. Indeed, some laboratories 22, 39 have successfully applied a no-flux boundary condition at the interface for both B and Si interstitials. Other workers have avoided the issue altogether by simply not reporting the boundary conditions employed in their models. 38, 40 The interface can also act as a source for Si interstitials, injecting them into the bulk during oxidation and leading to oxygen-enhanced diffusion of dopants. 2 Law et al. 11 have recognized the ability of the Si/SiO 2 interface to serve as both a source and a sink of Si interstitials, and attempted to reconcile the conflicting observations by employing a model that includes both di-interstitial interstitial injection and a hypothesized surface recombination pathway for diinterstitials. The model can claim some qualitative successes, but does not explain dose loss data or boron pile-up near the interface.
In the face of this complicated literature, we treated S as a free parameter to be matched to experiment.
D. Surface boundary conditions for Poisson's equation
For the interface, the following two boundary conditions for Poisson's equation were employed for comparison with each other Flat band: ⌿͑xϭ0,t ͒ϭ⌿ s , ͑9͒
Band bending: ⌿͑xϭ0,t ͒ϭE v ͑ T ͒/qϩ͑0.5 eV͒/q. ͑10͒
For the flat band condition, the local carrier concentration in the bulk adjoining the surface determines the electrostatic potential ⌿. For the band bending condition, the interface Fermi energy rests 0.5 eV above the valence band maximum E v , independent of time and temperature. This latter condition represents an approximation for computational convenience; experiments show 15 that the degree of band bending actually varies with both time and temperature. Just after implant and before annealing, E f lies 0.40 Ϯ0.02 eV above E v . Two distinct kinetic regimes characterize the subsequent evolution of band bending. Between roughly 300 and 500°C, the band bending increases to 0.56 eV, following first order kinetics with a rate constant k low ϭ(2.4ϫ10 1Ϯ0.1 min Ϫ1 )exp(Ϫ0.20Ϯ0.02 eV/kT). Above roughly 750°C, the band bending decreases to zero, again with first order kinetics and a rate constant k high ϭ(4.9 ϫ10 3Ϯ0.1 min
Ϫ1
)exp(Ϫ0.89Ϯ0.02 eV/kT). A typical ''spike'' annealing program first subjects the interface to about 0.5 min of treatment near 600°C, during which time the band bending evolves slightly upward with a time constant of 0.7 min. The program then employs a rapid ramp up to roughly 1050°C, followed by immediate quenching back to room temperature. The main spike has a full width at half maximum on the order of 5 s, which is negligibly small compared to the time constant of 0.7 min for band bending disappearance at 1050°C. Thus, during a typical annealing program the band bending is about 0.50 eV near the top of the spike where most diffusion takes place.
Note that with the high implantation levels assumed here, the host silicon has reached a state of degenerate doping. No corrections were made for such effects in the modeling. Also, the calculated space charge regions are very narrow: on the order of 1 nm. There is a mean electric field assumption that tacitly underlies the simulations; that is, a space charge region is assumed to be well defined and uniform everywhere on the surface. It may be asked whether this assumption properly applies in the presence of the high doping concentrations after implantation. As an example, Lu et al. 41 have shown that at carrier concentrations significantly above 10 18 cm Ϫ3 in GaAs, optical photoreflectance spectra at the E 0 transition disappear. This phenomenon was attributed to spatial fluctuations in the depth of the space charge region, which becomes comparable to random variations in the spacing of dopant atoms. Thus, the onedimensional continuum treatment employed here should be considered as an approximation. Possible charge compensation due to ion-geneated defects is not considered either. However, these various approximations are unlikely to change the qualitative effects of surface band bending; indeed, the dopant pile-up effects to be described below accord well in their spatial extent with those reported by Shima et al. Figure 1 shows simulated boron profiles in comparison with a typical experiment. The figure indicates that incorporation of band bending in concert with a best-fit value of S ϭ2ϫ10 Ϫ5 for both B i and Si i matches the experimental profile quite well-the only significant difference being a small difference in the width of the profile in the highconcentration ␣ region near the surface. Matches of similar quality were obtained for other experimental data at different peak temperatures and ramp rates. Figure 1 also shows that exclusion of band bending effects greatly degrades the quality of the fit, mainly due to substantially reduced TED. Increasing the value of S even in the presence of band bending leads to a similar result. However, the combination of band bending and modest-sink boundary conditions yields an effective boundary condition for interstitials that is almost perfectly reflecting. A primary effect of band bending is therefore to increase junction depth.
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III. RESULTS AND DISCUSSION
A. Profile shape and junction depth
B. Dopant pile-up
A considerable body of literature data suggests that boron can exhibit apparent ''uphill diffusion'' behavior. 9, 13, [42] [43] [44] [45] In some cases, pile-up has been observed in the vicinity of a surface or interface, 9, 42, 44 sometimes within 1 nm of the surface. Such peaks impose a severe test of secondary-ion-mass spectroscopy ͑SIMS͒. Wang et al. concluded that their observed pile-up was an artifact, 46 probably caused by surface oxygen. However, Shima et al. 9 employed SIMS conducted from the front and back sides of implanted specimens to conclude that the pile-up observed in their data within 0.6 nm of the surface was genuine. Such effects have been suggested to result from implantation-induced gradients in interstitial concentration due to localized interstitial clustering or Ϫ5 and band bending yields good fit to experiment, mimicking an essentially perfect reflecting boundary condition for interstitials. The sink condition alone results in a much poorer fit with a shallower junction. related effects. 13 However, process simulators have been unable to reproduce surface or interface pile-up effects based on this picture. 9 Our simulations indicate that pile-up can indeed take place, and highlights a new mechanism to show how it happens. During annealing, interstitials of boron and silicon are liberated from clusters. The Fermi level within the 20% of the space charge region closest to the interface lies sufficiently high above the valence band maximum that locally created boron interstitials take on a negative charge, rather than positive. ͑The ionization level used here is at E v ϩ0.33 eV.) In a similar way, silicon interstitials take on a neutral, rather than positive, charge. The electric field shown in Fig. 2 pulls the boron interstitials quite strongly toward the surface, while the neutral silicon interstitials diffuse toward the surface uninhibited. Boron interstitials moving toward the surface can be sequestered in the lattice by kick-in reactions, however. Silicon interstitials suffer such sequestration less often because the lattice consists many of Si with only about 1% boron. Thus, the silicon interstitials are much more sensitive to the presence of the surface sink than boron interstitials, and the silicon interstitial concentration decreases substantially. Boron that kicks into the lattice is therefore much more likely to remain there in electrically active form, instead of being converted back to interstitial form by silicon interstitials. Figure 3 illustrates these effects. Boron piles up within 0.4 nm of the interface; the distance compares favorably with the 0.6 nm observed by Shima et al.
9 Figure 3 shows that no pile-up occurs if the boron interstitial charge state varies ϩ/0 instead of ϩ/Ϫ. Note that when pile-up takes place, the profile for total boron actually exhibits two maxima: a sharp one at the interface and a much broader one 1.5-2 nm deeper. Substitutional boron increases monotonically toward the interface and reaches concentrations near 10 21 cm Ϫ3 -well above the solubility limit. If this region is not consumed by subsequent silicidation steps during contact formation, the pile-up presumably has favorable consequences for contact resistance. Figure 4 contrasts near-surface boron profiles for cases in which band bending is turned on and off. Pile-up occurs only in the presence of band bending, and concentrations of both substitutional and total boron reach interface concentrations nearly an order of magnitude above the flat-band case.
Two other literature reports confirm the observations and explanations we have offered. Pao, Hierl, and Cooper 47 observed near-surface pile-up of beryllium in p-type GaAs during diffusional broadening of layers doped via molecular beam epitaxy. These workers did little modeling, but explicitly attributed the pile-up to surface band bending effects, which are very difficult to avoid with GaAs. The postulated mechanism differed from that presented here, however. Beryllium was said to pile up near the outer reaches of the surface space charge region due to bottlenecking of charged mobile beryllium by a repulsive electric field. We indeed observe such repulsion at the edge of the space charge region, but the repulsion leads to increased junction depths, not pile-up. Pile-up originates instead from the interplay of B and Si interstitials through kick-in and kick-out, together with charge state statistics that change close to the surface.
Privitera et al. 48 and Mannino 49 observed near-surface pile-up of B implanted into Si at lower doping levels ͑near 18 cm Ϫ3 ) than reported here. Pile-up was observed, however, only when the surface was exposed to plasmabased ion bombardment before annealing. The authors postulated with little evidence that plasma-generated bulk damage accounts for the pile-up. However, the pile-up depth was much narrower than the quoted plasma damage depth. We suggest instead that the pile-up resulted from plasma-induced oxygen removal that left a nearly atomically clean surface ͑or a damaged Si-SiO 2 interface͒ during annealing, leading to band bending.
C. Relation to boride enhanced diffusion
Boride enhanced diffusion ͑BED͒ 50,51 represents an enhancement of boron TED sometimes observed for very highdose, low-energy implants. The enhancement has been attributed to Si interstitial injection into the bulk from a surface silicon boride phase, and to a boron flux 52 from the high boron concentration gradient near the surface. However, neither of these mechanisms explains dopant pile-up near the interface.
Our results suggest an alternate mechanism that explains BED behavior: band bending. Both Agarwal et al. 50 and Cowern et al. 51 observed formation of a surface silicon boride phase SiB y in connection with BED. Silicon boride is a ceramic that can exist in several phases such as SiB 4 , SiB 6 , SiB 6Ϫx , SiB 6ϩx , and Si 11 B 31 . 53 Thus, when the boride forms there is no longer a single Si-SiO 2 interface near the surface but possibly two separate interfaces of Si-SiB y and SiB y -SiO 2 . Electrically active defect states could easily exist at either interface, leading to band bending and therefore to increased levels of TED and dopant pile-up as described above. The band bending induced by the boride could conceivably be larger or exist under a broader range of processing conditions than bending in the absence of boride, thereby making TED and dopant pile-up appear more pronounced for high-dose, low-energy conditions.
D. Other Influences on interface band bending
The results reported here were based upon experiments in which band bending was measured in ultrahigh vacuum after implantation. Band bending can still exist under other processing conditions, however. For example, annealing is sometimes performed in a gas ambient that contains trace amounts of oxygen ͑ϳa few tens of ppm͒. 54 The oxygen promotes the growth of SiO 2 ; oxide growth generates on the order of 10 12 cm Ϫ2 electrically active interface states 55, 56 while it occurs. ͑These states disappear when the oxygen flow stops under annealing conditions.͒ To our knowledge, the band bending has not been measured under conditions that typify annealing, but the magnitude is probably comparable to that assumed in the present work. Dispensing with a screen oxide does not significantly change the situation; an atomically clean Si͑100͒ surface still supports band bending on the order of 0.4 eV.
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IV. CONCLUSION
The present paper quantitatively confirms via modeling the qualitative prediction made elsewhere 15 that near-surface band bending can increase transistor junction depth during processing. The results have also identified another consequence of such band bending: the pile-up of dopant at the interface. Such pile-up has proven elusive to measure quantitatively because of the severe strains put upon existing methods for metrology. The situation has been clouded by lack of a firm theoretical underpinning to explain this effect. The present paper offers such an underpinning, and in the meantime helps to reconcile conflicting literature regarding the annihilation probability for interstitials at Si-SiO 2 interfaces. Experiments in which band banding is present will exhibit much lower annihilation probabilities than experiments at flat band. Clearly, band bending needs to be monitored during experiments aimed at determining the annihilation probabilities. The present work helps to deconvolute these effects, and thereby offers by best estimates yet for the general magnitude of these probabilities. The numbers are rather small-on the order of 10 Ϫ5 .
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